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Electron-paramagnetic-resonance study of Cu +- and Mn +-doped LiCsSO4 single crystals:
LiCsSO4 phase transitions
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EPR studies on Mn +-doped LiCsSO4 single crystals were performed in the temperature range
3.8—301 K, as well as on Cu +-doped LiCsSO4 single crystals at room temperature. At higher tempera-
tures the crystals were found to consist of twin domains. There were detected two phase transitions, one
of which occurs at 205 K, and the other one is spread over the temperature range 155—175 K. In addi-
tion, the occurrence of a third phase transition somewhere in the range 3.8—31 K has been confirmed by
the present data. The values of the isotropic g factor and the hyperfine-interaction constant for Mn +

have been estimated at room temperature. Further, the values of all the Mn + spin-Hamiltonian param-
eters g, b2, b2, b4, b4, b4, Q', Q", 3

~~, A~ have been estimated at 90 and 152 K in the untwinned mono-
clinic phase. The intensity of the central broad Mn + line (hyperfine structure unresolved) is described
well as a function of temperature, near T„by the expression c

~
T —T,

~

r+ b ( T, =205 K), with the criti-
cal exponent y =1, in accordance with that determined previously for the elastic constant c«.

I. INTRODUCTION

Lithium cesium sulfate (LiCsSO4) (LCS hereafter) crys-
tals have been studied by optical and Raman spectrosco-
py,

' electron-paramagnetic-resonance (EPR) of the
NH3+ ion (stabilized by the Cr04 ion) and that of the
SO3 ion (produced by y- or x-ray irradiation), ul-
trasonic technique, ' Brillouin spectroscopy, "' NMR
of Li and ' Cs nuclei, ' '" x-ray diffraction, '

thermal expansion, ' differential scanning calorimetry, '

and specific-heat measurements.
As the temperature is lowered from room temperature

(RT), LCS crystals undergo a transition from the parae-
lastic phase with orthorhombic structure (Pcmn space
group; mmm point group) to the ferroelastic phase with
monoclinic structure (P2, /n space group; 2/m point
group) without undergoing a change in the number of
atoms in the unit cell at about 202 K, ' "" as deter-
mined by the x-ray technique. ' ' Kruglik et al. ' re-
ported a microscope observation of an intermediate phase
in LCS between 199—206 K. The EPR of the NH3+ radi-
cal indicated the occurrence of a phase transition in LCS
at 206 K; ' determined to be of second order by
Pietraszko, Tomaszewski, and Kukaszewicz' by x-ray
diffraction, and further confirmed by the observation of
an anomaly of the specific heat (without latent heat) in
calorimetric measurements at the transition tempera-
ture. The value of the elastic constant (c66) of LCS has
been observed to decrease with lowering temperature,
above T„ indicating softening. ' '" More recently, Ra-
man scattering indicated the occurrence with lowering
temperature in LCS of (i) a structural phase transition at
202 K, (ii) an incommensurate-commensurate phase tran-
sition at about 160 K, and (iii) a structural phase transi-
tion of the unlocking type below 20 K as deduced from
the observation of soft phonons in the temperature range

just above 20 K.
LCS crystals are interesting because they exhibit unex-

pected features. For example, in LCS the volume
thermal-expansion coefficient (P) decreases with warming
across the phase transition (203 K) from the orthorhom-
bic to the monoclinic phase, while usually it increases
on warming, and the phase-transition temperature in
LCS has been observed to decrease with decreasing pres-
sure, ' contrary to that observed in some other crystals of
this family, e.g., LiNH4SO~ (Ref. 22) and LiKSO~ (Ref.
23).

In order to further study the phase transitions under-
gone by LCS, Mn + ions were incorporated in LiCsS04
crystals to serve as paramagnetic probes in the present
detailed EPR temperature variation study, carried out in
the temperature range 3.8 —301 K. It is difBcult to grow
single crystals of LCS with sufhcient doping of
transition-metal ions (see Sec. II). Perhaps for this reason
no EPR study has so far been reported on LCS crystals
doped with Mn + and Cu + ions. It is expected that the
temperature dependence of the EPR spectra, as well as
those of the linewidth and the intensity of the EPR lines,
would provide detailed information on the nature of the
phase transitions in LCS. In addition, Cu + EPR data
were recorded on Cu +-doped LCS crystals to better un-
derstand the room temperature (RT) behavior of these
crystals.

Details on the preparation of samples and the experi-
mental arrangement are described in Secs. II and III, re-
spectively. The EPR spectra, and their interpretation by
comparison with similar systems are discussed in Secs. IV
and V, respectively. The evaluation of the spin-
Hamiltonian parameters, and the critical exponent (y)
are presented in Secs. VI and VII, respectively. The de-
tails of the occurrences of phase transitions in LCS crys-
tals are given in Sec. VIII. The concluding remarks are
made in Sec. IX.
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II. SAMPLE PREPARATION
AND CRYSTAL STRUCTURE

LiCsSO4 single crystals doped with 0.5, 1.0, 1.5, and
5.0 mo1. % of MnSO~ and CuSO4 were grown at room
temperature from aqueous solutions containing equimo-
lar proportions of Li2SO4 and Cs2SO4. The as-grown
crystals were clear and colorless. Only a few crystals ex-
hibited well-resolved hyperfine lines in the EPR spectrum
of Mn +. The EPR spectra revealed that the numbers of
Mn + and Cu + ions entering LCS crystals were rather
small, being independent of the initial concentrations of
these ions in the respective solutions.

Mn + ions can either substitute for Li+ or Cs+ ions in
LCS, or they can occupy an interstitial site. In any case,
a cation vacancy is created subsequent to incorporation
to compensate for the overall charge. This vacancy can
become bound to the Mn + ion forming a pair. On the
other hand, in place of substitution or interstitial incor-
poration, Mn + ions Inay form ion clusters.

The growth habit of as-grown LCS crystals is shown in
Fig. 1(a). It is usually in the form of a pseudohexagonal
plate composed of six 60 twin domains, the e axis for any
twin domain being perpendicular to the hexagonal plate,
while its b axis being parallel to the outer edge. (The
twin domains disappear below 160 K, as revealed by the
EPR of NH3+ and Cr + ions in LCS by Yu, Chou, and
Huang. ) Figure 1(b) depicts the projections of atoms
from one layer of LiCsSO4 tetrahedra in the orthorhom-
bic (T)T„T,=205 K) and rnonoclinic (T & T, ) phases.
The crystal structure of LCS (Ref. 15) in the paraelastic
phase, above the phase-transition temperature (T, ) is or-
thorhombic (Dzz Pcmn space g-roup) with the unit-cell
parameters a =0.9456(2), b =0.5456(1), c =0.8820(3)
nm, z=4, whereas in the ferroelastic phase (T & T, ) it is
monoclinic (Czi, P2, ln spac-e group) with the unit-cell
parameters a =0.9379(2), b =0.5423(1), c=0.8834(3)
nm, y =89.75', and z =4 [Fig. 1(b)j.

The four Cs atoms, as well as the four SO4 groups are
crystallographically equivalent in the unit cell of LCS.

o $

The oxygen coordination around each Cs atom is 11-fold
and the Cs-0 distances are in the range 0.3235—0.3633
nm (average distance = 0.3388 nm). '

III. EXPERIMENTAL ARRANGEMENT

A Varian V4502 X-band spectrometer equipped with a
12-inch electromagnet, along with a Bruker power supply
(type B-MN50/200) and a Bruker field controller (B-
H15), was employed for EPR measurements. A cryostat
with a medium-Q cavity, capable of temperature control,
was used for liquid-helium temperature measurements.
As well, some measurements were made using a high-Q
cavity nitrogen gas fiow Varian temperature controller
(E4540) with a temperature stability of better than 0.5 K
(between RT and 125 K). The samples were oriented in-
side the microwave cavity after inspection under a micro-
scope in such a way that the external magnetic-field
direction could be varied in chosen crystal planes.

IV. KPR SPECTRA

The EPR spectra of Mn +-doped LCS crystals were
recorded in the temperature range 3.8—301 K. On the
other hand, the EPR measurements on Cu +-doped LCS
crystals were confined to room temperature, because de-
tailed information about the crystalline environment indi-
cating the phase transition cannot be obtained from Cu +

spectra. The electronic spin of this ion is S=
—,', thus its

spin Hamiltonian does not contain terms rejecting the
crystalline electric field.

The RT Cu + spectra as recorded for B~~a, b, and 45'
from the a axis in the ab plane for LCS sample I, and for
8~~a, b for LCS sample II, are exhibited in Fig. 2. For
each orientation, the Cu + ions exhibit a three-lines over-
lapping spectrum; the three lines correspond to three
magnetically inequivalent Cu + centers belonging to
different twin domains. The hyperfine structure of any
line is unresolved. (When resolved, each Cu center has
four EPR hyperfine lines, corresponding to the electronic
spin- —,', and the nuclear spin- —,

' of each of the two isotopes
whose nuclear magnetic moments are approximately
equal to each other in value. ) The positions of these three
lines were observed to be sensitive to the orientation of B.
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FIG. 1. (a) The room-temperature crystal growth habit of
LiCsSO4 single crystals, composed of six twin domains. The
orientations of the crystal a, b axes for domain 1 are indicated
below the figure, while those for domains 2—6 are indicated by
small arrows in the domains themselves. (b) Projections of
atoms from one layer of LiCsSO4 tetrahedra in the orthorhom-
bic phase (Pcmn symmetry —upper plot, T)T, =205 K) and in
the monoclinic phase (P2&/n symmetry —lower plot, T& T, )

onto the ab crystal plane.
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FIG. 2. EPR spectra of Cu +-doped LiCsSO4 crystals (sam-
ples I and II) for different orientations of the external magnetic
field in the ab plane at 297 K.
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The estimated g values as evaluated from the line posi-
tions corresponding to the three Cu + centers for sample
I are 2.564, 2.177, 2.035 (for B~~b) and 2.342, 2.186, 2.022
(for 8~~a). These values are close to the principal values
of the g tensor estimated for Cu +-doped LiKSO4 charac-
terized by a rhombic local symmetry. The EPR spectra
of sample II consist of two (B~~b) and three (B~~a) lines,
corresponding to three Cu + centers belonging to
different twin domains; in the former case there is over-
lapping of lines due to Cu + ions belonging to different
domains. The corresponding g values are 2.508, 2.141,
2.141 (for B~~b) and 2.318, 2.094, 1.917 (for B~~a). The
difference in the Cu +

g values in samples I and II may
be due to different structures of the domains.

Mn +

In general, the EPR spectrum of a Mn + center con-
sists of five sextets corresponding to the electronic spin
S=

—,
' and nuclear spin I=—,'. Each sextet corresponds to

the allowed transitions M, m~(M —1),m where M
( =+—,', +—,', +—,') is the electronic magnetic quantum num-
ber and m ( =+—,', k —,', +—,') is the nuclear magnetic quan-
tum number. Figure 3 shows Mn + EPR spectra in LCS
for B~~c at RT, and for B~~b at several temperatures from
RT down to 3.8 K. (Here b, c are vectors along the b, c
axes of the crystal, respectively. ) The RT Mn + spec-
trum exhibits for B~~b, c among other (hyperfine) lines of
very weak intensity, a set of six hyperfine (hf) lines, re-
ferred to hereafter as the central sextet ( A) centered at
-325 mT. In addition, the RT spectrum for B~~b exhib-
its another intense broad line (8), located at -220 mT,
whose hf structure is not resolved. (In the following dis-
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FIG. 3. EPR spectra at 3.8, 31, 82, and 297 K of a Mn +-
doped LiCsSO4 crystal for the orientation of the external mag-
netic field (B) parallel to the b axis (B~~b), as well as that for
B~~c, at 297 K.

cussion, only the intense EPR lines will be considered,
unless otherwise stated. )

Figure 4 shows the angular variation of the line posi-
tions of all the observed lines, weak or intense, for the ro-
tation of 8 in the ab and ac planes at RT. The position of
the broad line B is found to vary significantly with the
orientation of the magnetic field (B). Further, it is seen
from Fig. 4 that at RT the positions of the hf lines corre-
sponding to the central sextet ( A) are isotropic, i.e., in-
dependent of the orientation of the external magnetic
field (B).

It is noted that in Figs. 3 and 4 the central sextet ( A)
and the broad line (B) may belong the different Mn +

centers, located perhaps in different twin domains.
It is seen from Fig. 5, displaying the Mn + EPR spec-

tra for 8 at —25 from the c axis in the ac plane at select-
ed temperatures between 125 and 301 K, that the intensi-
ties of the Mn + hf lines other than those belonging to
the central sextet ( A ), increase significantly at lower tem-
peratures as compared to those at RT. This is particular-
ly true of the highest-field sextet, whose position moves
somewhat towards lower fields as the temperature is de-
creased, and which is observed at all temperatures be-
tween 125 and 301 K. On the other hand, the intensity of
the hf lines of the central sextet ( A) gradually decreases
with lowering temperature. Finally, the hf splitting of
the central sextet vanishes completely at 248 K, there ap-
pearing only a broad line (referred to as the broad line A,
hereafter, for T (248 K). Below 248 K, there still appear
the broad lines 2 and B, as well some overlapping hf
lines corresponding to the Mn + centers belonging to
different twin domains. As the temperature was lowered
further to 160 K (the spectrum is not shown in Fig. 5 at
this temperature), there emerged a third broad line (C)
(indicted in the spectrum at 138 K in Fig. 5), without
hyperfine splitting, centered at -74 mT. The emergence
of this new line indicated the occurrence of a phase tran-
sition. (For more details, see Sec. VIII.)

Figure 6 displays the angular variation of all the Mn +

line positions, weak or intense, in LCS: (a) at 248 K for
the orientation of B in the ac plane and (b) at 3.8 K for
the orientation of 8 in the ab plane. From these figures,
it is seen that the central broad line A is isotropic with
respect to the orientation of 8 in the ac and ab planes,
and is both observed at 248 and 3.8 K. Further, line B,
observed at 248 K, disappears at 3.8 K.

Figure 7 shows the first derivative peak-to-peak
linewidth (bB») of the four outer hyperfine resonance
transition lines of the central sextet (belonging to
m =+—,', +—', ) as functions of temperature for B at —25'
from the c axis in the ac plane between 252 —301 K. (The
hf lines for m =+—', are not resolved below 271 K.) In
general, there is observed a broadening of these four lines
with the lowering of temperature. The outermost hf lines
(m =+—,') broaden much more than the adjacent ones
(m =+—,').

In Fig. 8 are plotted the peak-to-peak heights of the
first-derivative line shape (I) of the broad lines A for the
orientation of 8 at +10' from the a axis in the ab plane
and for B at —25 from the c axis in the ac plane (I for
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FIG. 4. Angular variation of the EPR line
positions for a Mn -doped LiCsSO4 crystal at
297 K for the orientation of the external mag-
netic field in the ab and ac planes. The data
points indicated by "0"indicate the broad line
B. It should be noted that there are more hnes
indicated here than those clearly visible in the
spectra exhibited in Fig. 3 at 297 K. This is

because these spectra have been reduced con-
siderably, so that many of the lines with rela-

tively low intensity are not clearly seen.
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line B is not plotted for B at +10 from the a axis in the
ab plane, because of low intensity at this orientation), as
well as the peak-to-peak height (I) of the broad line B for
B at —25 from the c axis in the ac plane and the peak-
to-peak width (hB») of the line B for B at —25' from
the c axis in the ac plane as functions of temperature in
the range 125—301 K. (Above 248 K, it is the overall the
peak-to-peak height of the central sextet A ignoring the
hyperfine structure, that is plotted. The peak-to-peak
linewidth of line 3 is invariant with temperature, so it is
not plotted. ) The decrease of the height of line 3 as the
temperature is lowered from RT to slightly above the
phase-transition temperature T, (=205 K), for the two
orientations of B is in accordance with the reported de-
crease of value of the elastic constant c66 (corresponding
to the spontaneous strain e6, an order parameter) for the
LCS crystal. ' '" (For more details, see Sec. VII.)

Figure 9 exhibits full 30-line Mn + spectra for LCS at
90 and 152 K for 8 along a magnetic axis (lying close to
the c axis in the ac plane), since for this orientation of B
the Mn + hf lines due to two different Mn + centers be-
come coincident. This axis is determined to be a magnet-
ic axis after comparing with the angular variation of line
positions at 248 K [Fig. 6(a)], and identified as the mag-
netic x axis after a study of the values of the spin-
Hamiltonian parameters. (For more details see Sec. VI.)

301 K

8.6 K

248 K

']( ]II I 299.5 I

C

C5

ACt

C3l

tll

.A
99

, /

V. INTERPRETATION OF LCS EPR SPECTRA
BY COMPARISON WITH SIMILAR SYSTEMS

I i I I l I I S I i I

In order to interpret the Mn + spectra in LCS,
specifically the presence at RT of the central sextet (or
the central broad line A below 248 K), which may be due
to the presence of Mn + clusters, and the other broad
lines B and C, assumed to be due to different Mn +

0 100 200 300 400 500 600 700
B (mT)

FIG. 5. EPR spectra of Mn +-doped LiCsSO4 crystal in the
temperature range 125—301 K for the orientation of the exter-
nal magnetic field at —25 from the e axis in the ac plane.
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FIG. 6. Angular variation of the EPR line
positions of Mn + in a LiCsSO4 crystal: (a) at
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for the orientation of B in the ab plane. The
data points indicated by "C)" characterize the
broad lines A and B. It should be noted that
there are more lines indicated here than those
clearly visible in the spectra exhibited in Fig. 3
at 3.8 K and Fig. 5 at 248 K. This is because
these spectra have been reduced considerably,
so that many of the lines with relatively low in-
tensity are not clearly seen.
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centers, a comparison with those crystals where similar
Mn + spectra were observed is now made.

p-GaAs

In this crystal there are observed, for B~~(110) at 8
K two broad Mn lines in addition to the central sex-2+

tet at magnetic-field values smaller than that of the cen-
tral sextet. The two broad lines are interpreted to arise
from a neutral manganese center ( A:b,M = 1, b,M =2)
with the ground state (3d +hole). On the other hand,
the hyperfine pattern of the central sextet (g =2) is due to
compensated manganese ( A:b,M = 1).

NH4Br

Observation of only the Mn + central sextet (g =2) at
RT is also found in this crystal by Chand and Upreti.
The usual five sextets (30 lines) for Mn + were, indeed,
observed in NH4Br at liquid-nitrogen temperature as re-
ported in the unpublished work of Sastry, similar to the
present data in LCS below 152 K (Fig. 9). However,
Chand and Upreti considered Sastry's observation to be
wrong, because of lack of similar data in their EPR mea-
surements on NH4 Br.

(TaSe4)zI

7I—
E

CL
CL

cn 6—

250 300

+ 5/2 ~
-5/p x

+ 3/P

-3/2 O

350

Only the central isotropic Mn + sextet (g =2), was ob-
served in this crystal at temperatures above 250 K b

28Shaltsel et al. They assumed that this was due either to
the presence of strains in the sample which completely
broaden out all the noncentral sextets, or due to the
overall fine-structure splitting of Mn + being less than
the hyperfine splitting of the central sextet. The latter
situation is, however, not compatible with LCS, because
for LCS there are observed other sextets in addition to
the central one at RT (Fig. 3). According to Shaltiel
et al, the quadrupole interactions between the charge-
density waves and Mn + ions are responsible for the
broadening of hf lines of the central sextet in Mn
doped (TaSe4)zI in the range 120—300 K.

RuS& and RuSe&
FIG. 7. First-derive peak-to-peak linewidths (ABpp) of the

individual hf lines of the central Mn hyperfine sextet as func-
tions of temperature in the range 246 —301 K for the orientation
of B at —25 from the c axis in the ac plane.

Mn -doped RuS2 and RuSe2 exhibit only the central
sextet (g =2), interpreted to be exchange-narrowed29

(Lorentzian line shape), but dipolar-broadened
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(temperature-dependent), lines of Mn +.
From the above one may conclude that the broad lines

B and C which are observed in LCS in different tempera-
ture regions are possibly due to neutral manganese-
vacancy centers. They are not due to different twin
domains because line C occurs only below 162 K where
the twinning is absent. On the other hand, the formation
of either Mn + clusters, or the presence of strains, ' or
the binding of a vacancy with the Mn + ion, may be re-
sponsible for the occurrence of the central Mn + sextet.
Further, the broadening of its hf lines may be due to
quadrupole interactions between the Mn + ion and
charge-density waves.

VI. EVALUATION OF Mn +

SPIN-HAMILTONIAN PARAMETERS

Room temperature

At RT, only the Mn + central sextet, rather than a full
30-line (five sextets) spectrum, appears. Thus, only the
values of the isotropic gp factor and the hyperfine param-
eter Ap can be estimated by 6tting the line positions

(M= —,', m~M= —
—,', m) of the isotropic central sextet A

to the theoretical expression

2
Ap 2B =B —A m — (35—4m )m P 0 8B0

gDBD ~ pgp—Apm— (35—4m ),
gp 8gDBD

where Bo =h v/gop~, and m, v, h, gD (=2.0036), and BD
are, respectively, the nuclear magnetic quantum number,
the frequency of the klystron, Planck's constant, the g
factor and the resonance line position for the free radical
diphenyl-picryl-hydrazyl (DPPH).

The Atting yielded the values of Ap= 0.263~ 0.005
GHz and gp=2. 0054+0.0008 for Mn + in LCS at 297
K. The gp values as estimated from the position of the
central broad line (A), without resolved hf structure, at
temperatures below RT, are as follows: 2.0104 (248 K),
2.0159 (152 K), 2.0173 (82 K), and 2.0438 (3.8 K).

Spin-Hamiltonian parameters
below the phase-transition temperature

at 90 and 152 K

160 60

A

&)

8, a) =10'

plane

At 90 and 152 K the full 30-line Mn + spectrum could
be observed for 8 along a magnetic axis that lies in the
RT ac crystal plane close to the c axis, as discussed in
Sec. IV. From the 30-line positions of these spectra all

120 &0
+5 &2 +3/'2 +1~2

] 52 K I I I I I I I I I I I I I & 1 IU

DPPH
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FIG. 8. The plots as functions of temperature in the range
125—301 K of the peak-to-peak height (I) of the broad line 2
for the orientation of B at + 10' from the a axis in the ab plane
(D) and for B at —25' from the c axis in the ac plane (c)), as
well as the height (I) of the broad line B (0) and the peak-to-
peak width (EBpp) of the broad line B ( ~ ) for B at —25' from the
c axis in the ac plane. The inset amplifies the plots of I for lines
2 and Band the width of line B for B at —25 from the c axis in
the ac plane in the temperature range 190—214 K.

100 200
I

300 400

B (mT)

I

SOO 600

FIG. 9. Well-resolved Mn + EPR spectra at 90 and 152 K, as
recorded for the orientation of the external magnetic field paral-
lel to the magnetic x axis (close to c axis in the ac plane) in a
Mn +-doped LiCsSO4 crystal. The transitions M, m~M —1, m
are indicated by M, in accordance with the corresponding tran-
sitions for B~~z.
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+Q "(I2—I2) + 2 ~)S,I,+ 2 i (S„I„+S I ), (2)

where p~ is the Bohr magneton and OI are the spin
operators as defined by Abragam and Bleaney. (It is
noted that a spin Hamiltonian appropriate to orthorhom-
bic local symmetry rather than monoclinic symmetry has
been used, since experience with similar systems indicates
that the local Mn + symmetry is most often orthorhom-
bic, even in crystals with monoclinic symmetry. )

To evaluate the spin-Hamiltonian parameters, a least-
squares-fitting computer procedure utilizing numerical
diagonalization of the spin-Hamiltonian matrix ' was
employed, wherein all the 30-line positions were simul-
taneously fitted.

An examination of the parameter values as estimated
above assuming that the magnetic axis is the z axis re-
veals that the absolute value of the spin-Hamiltonian pa-
rameter bz so evaluated is larger than that of b2. Then,
this magnetic axis is not really the magnetic z axis, for
which the overall splitting of lines should be absolutely
the maximum, and the magnitude of bz should be larger
than that of bz. This axis should then be the magnetic x
axis because, these parameter values when transformed to
the frame of reference where this magnetic axis is the x
axis, ' are indeed such that the absolute value of the
transformed parameter bz is larger than that of the
transformed parameter b2. Finally, the values of the pa-
rameters as estimated by fitting the lines assuming that
the magnetic axis is the x axis are as follows:

At 152 K

g~ =2.005+0.002 6 2
=2.237+0.00 1

b = —0.806 +0.001 GHz, b =0. 14+0.03
b4 =0.26+0.05 GHz, b4 =0.08+0.01
Q' = —0.012+0.003 GHz Q"= —0.001+0.001
and A~~

= A~ = —0.267+0.001 GHZ.

GHz,
GHz,
GHz,
GHz,

At90K

gz =2.007+0.002, b z
=2.238+0.001 GHz,

b 2
= —0.844 +0.001 GHz, b4 =0.25+0.03 GHz,

b4 =0.71+0.05 GHz, b4 =0.20+0.01 GH,
Q' = —0.015+0.003 GHz, Q"=0.004+0.001 GHz,
A

~i

= A z
= —0.264+0.001 GHz.

The value of
g~~

cannot be estimated as B~~x. These
values represent, at each temperature, a better than 0.5%
deviation of the energy of microwave quantum and the
average calculated energy-level difference between levels
participating in resonance. As for the absolute sign of
the hf parameters, A

~~

and A z, a negative sign has been
assumed in accordance with the hyperfine-interaction
data of Steudel. Further, the absolute sign of the pa-
rameter b2 has been determined to be positive, at both 90

the Mn + spin-Hamiltonian parameters can be estimated
by fitting to the spin-Hamiltonian appropriate to Mn +

in orthorhombic symmetry:

pz—gI~B,S, +pzgi(BxS~+BySy )+—,'b202+ ,'b2—02

+ ,', (b~0—4+b40~+b40~)+Q'[I, I(I—+1)j3]

and 152 K, from the spacing between the successive
hyperfine lines of the highest-field sextet in the present
case for B~~x, which increases with increasing magnetic-
field intensity, from 8.4 to 11.2 mT (at 90 K), and over
somewhat a smaller range at 152 K. To this end, higher-
order perturbation corrections to the hyperfine splitting
have been taken into account. This yields the absolute
sign of bp to be positive, while those A~~, AJ to be nega-
tive, the same as that determined from hyperfine-
interaction data. Finally, since the relative signs of the
fine-structure parameters (b& ) as yielded by the least-
squares fitting are correct, this enables the determination
of the absolute signs of all the parameters.

VII. THE CRITICAL EXPONENT y

The purely transverse-acoustic mode, characterized by
the elastic constant, c«, drives the ferroelastic phase
transition in LCS, occurring at T, =205 K." The
temperature-dependent variation of c66 was found by
Mroz et al. " to be c66 =c

~
T T, ~r+b—, for T above and

below T„with the critical exponent y=1. Assuming
that the intensity of an EPR line, proportional to the first
derivative of the imaginary part of the dynamic suscepti-
bility (dg" IdB), is the order parameter in EPR, it is ex-
pected that it should exhibit a critical behavior similar to
that of c«near the phase-transition temperature. Exam-
ining from Fig. 8 the peak-to-peak heights (I) of line A at
various temperatures, which are proportional to the
respective intensities, since the width of line 3 is invari-
ant with temperature, for the orientation of 8 at +10
from the a axis in the ab plane, and for 8 at —25 from
the c axis in the ac plane, and taking into account the ex-
perimental errors, it is seen from Fig. 8 that all these
plots are linear in temperature in the regions 180—200 K
and 210—233 K, which lie, respectively, just below and
just above the temperature region (200—210 K) over
which the phase transition takes place. This implies that
I=c~T T, ~r+b, with y=—l and is therefore in accor-
dance with the behavior of the elastic constant c66."

VIII. PHASE TRANSITIONS

This section covers a discussion of those features of
EPR spectra of Mn +-doped LCS, which indicate the oc-
currences of the various phase transitions undergone by
LCS single crystals. The occurrence of a phase transition
is indicated when the features of EPR spectra exhibit
abrupt changes as the temperature is varied.

Reorientation of SO4 tetrahedra
in the range 233-268 K

Inspecting from Fig. 8 the dependence on temperature
of (i) the peak-to-peak height (I) of line A for B at 10'
from the a axis in the ab plane, (ii) the peak-to-peak
height (I) of line A for B at —25 from the c axis in the
ac plane, (iii) the peak-to-peak height (I) of line B for B
at —25' from the c axis in the ac plane, and (iv) the width
(bB„)of line B for B at —25 from the c axis in the ac
plane, it is seen that the plots for (i) and (ii) exhibit a
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sharp drop, while those of (iii) and (iv) exhibit a general
rise, as the temperature is lowered through this region.
This indicates a continual reorientation of the SO4
tetrahedra. The orientation involves a rotation about the
c axis, as concluded by examining the relative orienta-
tions in Fig. 1(b) of the SO4 tetrahedra above and below
205 K, i.e., in the paraelastic and ferroelastic phases, re-
spectively. This orientation is a precursor to the phase
transition occurring in LCS crystal at 205 K (discussed
next), associated with the disorder-order transition of the
SO4 tetrahedra.

Phase transition at 205 K

It is seen from Fig. 8 that there occur sharp peaks in
the height (I) versus temperature plots of the broad lines
3 and B for B at —25' from the c axis in the ae plane,
each centered at 205.5 K. On the other hand, the depen-
dence of the width of line B on temperature shows the oc-
currence of a small peak centered at 204.5 K. Also, the
slope of the height of line A versus temperature for B at
10' from the a axis in the ab plane changes sharply at this
temperature. These indicate the occurrence of a phase
transition at T, =205+0.5 K. This value is almost the
same as that estimated from the splitting of NH3+ EPR
lines in LCS: 206 K on cooling and 204 K on warm-
ing. ' Techniques other than EPR yield the correspond-
ing phase transition temperature for LCS to be 202.8 K
(differential scanning calorimetry' ) and 202 K (Raman
spectroscopy, Brillouin spectroscopy, " x-ray
diffraction, ' and specific-heat measurements ).

Intermediate phase

The phase transition in the range 3.8—31 K.

The spectra were recorded only at 3.8 and 31 K, so it
was not possible to determine the exact phase-transition
temperature. At 3.8 K, there appear extra hf lines over
and above those at 31 K at lower magnetic fields (Fig. 3).
Also, the structure of line 2 at 3.8 K is different from
that at 31 K. These differences can be linked to the oc-
currence of a possible phase transition somewhere in the
range 3.8 —31K, in accordance with that observed by Ra-
man scattering, deduced to be a structural phase transi-
tion of the unlocking type, occurring somewhere below
20 K, as deduced from the observed softening of optical
phonons (44 cm ').

Role of impurities

The phase-transition temperatures determined present-
ly are at slight variances with those determined by other
techniques. This may be, among other factors, due to the
presence of Mn + ions as impurity. The impurities play
an important role in modifying the value of the phase-
transition temperature, as well as spreading of the phase
transition over a longer temperature interval, as evi-
denced in Mn +-doped NH4Br (Ref. 25) and in Cu +-
doped NH4Br (Ref. 40), where T, was lower by 4—5 K
from that determined by other measurements on undoped
samples. Misra et al. ' also observed a difference in the
phase-transition temperature of CaCd(CH3COO)4 6H20,
by as much as 16 K, as determined from EPR measure-
ments on Mn +-doped (T, =146 K) and Cu +-doped
( T, = 130 K) samples.

It is seen from the inset in Fig. 8 that there occur, in
the temperature range 194—205 K, plateaus in the
heights of the broad lines A and B for the orientation of
B at —25 from the c axis in the ac plane, and a peak in
the width of line B. This temperature range is in accor-
dance with that of the "intermediate phase" in LCS
(199—206 K) observed by Yu, Chou, and Huang by EPR
and by Kruglik et al. ' under a microscope. Specifically,
Kruglik et al. ' observed, under a microscope, the oc-
currence of twins in the form of succession of plane layers
with normals parallel to the a and b axes distinguishable
by their angles of extinction.

The phase transition in the 155—175 K range

It is seen in Fig. 8, that as the temperature was de-
creased, there occur small peaks in the heights of the
broad lines A and B for the orientation of B at —25
from the c axis in the ac plane, centered at 175 and 162
K, respectively. Also, the width of line B indicates a dip
centered at 155 K. All these behaviors indicate the oc-
currence of a phase transition, which is spread over the
155—175 K temperature interval. This is in accordance
with the occurrence of a phase transition in LCS at 160
K as deduced both from Raman spectroscopy by Morell
et al. and by the EPR of NH3+ and Cr + ions by Yu
et al.

IX. CONCLUDING REMARKS

It is noted that due to small percentage of Mn + ions
entering LCS crystals, the spectra were characterized by
rather weak intensities of lines, especially at liquid-
helium temperatures, where the high-Q Varian cavity
with nitrogen gas How was not used. The main features
of the present EPR study on LCS crystals are as follows.

(i) At higher temperatures, the LCS crystals consist of
twin domains.

(ii) One of the Mn + centers in LCS is effectively in the
S=

—,
' low-spin state in LiCsSO4 at higher temperatures as

revealed by the presence of the central hf sextet above
248 K.

(iii) There are detected two phase transitions under-
gone by LCS crystals in the temperature range 150—301
K. The so-called paraelastic-ferroelastic phase transition
is determined to occur at 205+0. 5 K, and the
incommensurate-commensurate phase transition is
spread over the range 155—175 K. In addition, the
present data confirm the occurrence of a third phase
transition of the unlocking type in LCS somewhere be-
tween 3.8 and 31 K.

(iv) The value of the critical exponent (y) for the inten-
sity of the central broad line as a function of temperature
is consistent with that for the elastic constant c66."



48 ELECTRON-PARAMAGNETIC-RESONANCE STUDY OF LiCsSO4. . . 13 587

(v) The values of the parameters go and Ao of Mn2+

have been determined at room temperature. At 90 and
152 K, in the monoclinic phase, where twining is absent,
the values of Q', the spin-Hamiltonian parameters gt,
bt, Q", A

~~,
and At, have been estimated.
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